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Increasing levels of resistance to tetracycline and to a number of other
unrelated antibiotics, including chloramphenicol, B-lactams, puromycin, and
nalidixic acid, occurred in Escherichia coli after 50 to 200 generations of growth in
the presence of subinhibitory concentrations of tetracycline or chloramphenicol.
In the absence of selective pressure, resistances fell to low levels within 100
generations of growth. This amplification of resistance was observed in laboratory
and naturally occurring E. coli strains as well as in polA and recA strains. With the
exception of previously identified cmlA and cm/B mutations, tetracycline or
chloramphenicol resistances were not P1 transducible. Coincident with the
emergence of resistance was the appearance of a previously cryptic energy-
dependent efflux system for tetracycline. The expression of resistance phenotypes
and the tetracycline efflux system were temperature sensitive at 42°C.

Chromosomal genes for low-level resistance
(at doses of 1 to 5 pg/ml) to tetracycline, chlor-
amphenicol, and penicillins have been described
in Escherichia coli K-12 (33). More than one
resistance phenotype may be elaborated by a
single gene; many unlinked loci have been iden-
tified, and these are P1 transducible to sensitive
strains by direct and indirect selection (33, 34).
These chromosomal mutations include cmiA
(resistance to chloramphenicol [34]), cmiIB
(resistance to chloramphenicol and tetracycline
[33]), lon (resistance to chloramphenicol and
tetracycline [33]), and several other loci that
have not been precisely mapped or identified,
but promote low-level resistance to one or sev-
eral antibiotics (33, 38).

Resistance to high levels of antibiotics has
been ascribed in most instances to the presence
of plasmids. However, high-level chlorampheni-
col-resistant mutants were isolated by Cavalli
and Maccacaro (8, 9) by growth of first-step
mutants (resistant to chloramphenicol at 5 pg/
ml) in successively higher increments of the drug
and ultimately approaching the solubility limit of
chloramphenicol at about 2 mg/ml. Frequent
back-mutation to low-level resistance occurred
in the absence of drug selection. Cross-resist-
ance to other antibiotics was not reported.

In this paper we describe the amplifiable,
high-level coordinate expression of resistance to
tetracycline and chloramphenicol with attendant
resistance to several other structurally unrelated
drugs. Specific assays and the structural diversi-
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ty of these antibiotics suggest that detoxification
is an improbable mechanism of resistance. For
at least tetracycline, we report the detection of
an energy-dependent efflux system that appears
with amplified resistance. This finding invites
speculation about the origins and relatedness of
chromosome- and plasmid-mediated resistance
mechanisms.

MATERIALS AND METHODS

Bacterial strains. All strains were E. coli K-12,
except ML308-225 (39). A complete list of strains and
constructions is given in Table 1.

. P1 vir was obtained from A. Wright.
A and f2 phage were used for sensitivity testing as
previously described (29).

Media. MacConkey agar (Difco Laboratories, De-
troit, Mich.) contained 1% lactose and antibiotics at
the concentrations specified for individual experi-
ments. L broth and L agar were prepared as defined
previously (21). Minimal A medium or agar (27) con-
tained 0.5% sugars and was supplemented with amino
acids (20 pg/ml) and antibiotics, where required, at the
following concentrations: 500 pg of streptomycin sul-
fate and 60 pg of nalidixic acid or rifampicin per ml.
Other antibiotics were used at concentrations speci-
fied below. All antibiotics were purchased from Sigma
Chemical Co. (St. Louis, Mo.), except minocycline
(gift of Lederle Laboratories, Pearl River, N.Y.).

Selection of Tet and Cml mutants. Single-step Tet or
Cml mutants were selected on MacConkey agar plates
that contained antibiotic at 5 pg/ml. Often a wide
variation in numbers of resistant colonies was ob-
tained for different strains and for the same strains in
different experiments. The spontaneous mutation rate



532 GEORGE AND LEVY

J. BACTERIOL.

TABLE 1. E. coli K-12 strains

Strain® Characteristics Source or reference

DO-23 MCB41-0334 argE3 thi-1 rpsL xyl mtl galK F. Gibson via J. Davies (formerly AN382)
sup. A

AG100 Same as DO-23, but uncB* and A(gal- This paper; spontaneous uncB* revertant;
uvrB) A\~ (P1 - [A(gal-uvrB)] JF222 — DO-23)

AG102 Same as AG100, but expresses Tc10? This paper

AG106 Same as AG100, but expresses Tc50" This paper

AG122 Same as AG100, but expresses Cm10° This paper

AG123 Same as AG100, but expresses Cm20° This paper

AG126 Same as AG100, but expresses Cm50” This paper

D1-188 Same as DO-23, but contains R222 This laboratory

PA309 gal-6 rpsL9 argHI his-1 A~ gyrA 4
tonA2 thr-1 mtl ara-13 xyl-7 malAl
lacYl thi-1 trp leu-6

GMS407 argE3 lacY1 galK2 manA4 mtl-1 tsx- 30 via CGSC*
29 supFE44 uidA

DW1021 rpsE gyrA100 Alac-74 thi-1 19

DW1030 Same as DW1021, but recAl3 19

2 This table does not contain many referenced and constructed strains that were used in single experiments.

These appear in the appropriate sections of the text.

& Phenotypes given in the table only represent the levels of Tc' or Cm", based on selection with the indicated
concentration (micrograms per milliliter) of tetracycline or chloramphenicol. Each of these mutants expresses
other antibiotic phenotypes at various levels (for complete profiles, see Table 3).

€ CGSC, E. coli Genetic Stock Center (B. Bachmann, curator).

was measured in the absence of drug selection by the
fluctuation test of Luria and Delbruck (22).

Amplification of resistance. Amplification of resist-
ance was achieved by two methods.

(i) Method A. Cultures were grown in L broth at
37°C to the late exponential or early stationary phase.
About 10° cells were spread over the surface of
MacConkey agar plates containing tetracycline or
chloramphenicol at 5 pg/ml. These plates were incu-
bated at 37°C for 24 to 60 h. Loopfuls of resistant cells
from colonies on these plates were transferred to
plates that contained tetracycline or chloramphenicol
at 10 pg/ml. These were incubated at 37°C again for 24
to 60 h. This stepwise process was repeated in incre-
ments of 10 pg/ml (for tetracycline) or 20 pg/ml (for
chloramphenicol). Eventually, cells resistant to at
least 100 p.g/ml were obtained.

(ii) Method B. The isogenic pair DW1021 and
DW1030 (recA) were spread on plates containing tetra-
cycline or chloramphenicol (see above). Suspensions
of these first-step resistant cells were diluted in L
broth containing tetracycline or chloramphenicol at 5
pg/ml and grown for many generations with frequent
subculture to fresh antibiotic medium. After various
generation times, samples were removed, diluted, and
spread on MacConkey agar plates containing tetracy-
cline or chloramphenicol at 5 pg/ml. These plates were
incubated at 37°C for several hours and then replica-
plated to plates that contained successively higher
concentrations of either antibiotic. Resistance was
scored as the highest antibiotic concentration that
permitted >80% survival of the colonies from the
master plate (which contained between 100 and 500
colonies) after 24 h at 37°C. After 200 generations,
cultures were diluted and transferred to L broth with-
out antibiotic and grown for 100 generations with
frequent subculture to fresh medium. Again, samples

were removed at various times, diluted, plated on
antibiotic-free media, and then replica-plated and
scored on antibiotic-containing plates.

MIC. (i) Method A. Minimum inhibitory concentra-
tions (MICs) were determined in L broth after 18 h at
37°C with aeration, beginning with an inoculum size of
10* CFU/ml (26).

(ii) Method B. The gradient plate method (6). was
used to estimate MICs when it was necessary to
screen many strains and antibiotics. Plates were inocu-
lated from sterile, cotton-tipped swabs dipped in sus-
pensions of cells that were adjusted to an absorbancy
at 530 nm of 0.2. MICs were determined from the limit
of confluent growth after 40 h at 30 or 37°C.

P1 transduction. The use of P1 vir for generalized
transduction has been described previously (11, 21).

Enzyme assays. A rapid colorimetric assay (3) was
used to detect chloramphenicol acetyltransferase ac-
tivity and was verified by the inclusion of enzyme-
containing and enzyme-free strains in the assay. B-
Lactamase activity was determined by the following
qualitative plate test (31). Molten agar (1.5%) in water
was cooled to 45°C, phenol red and penicillin G were
added to final concentrations of 0.01 and 0.3%, respec-
tively, and the pH was adjusted to 7. Plates were
poured and set at room temperature and used within
several hours. Colonies from overnight L agar plates
were patched onto the indicator plates. D15-12
[ML308-225(RP1), Tc" Km" Ap‘] and D20-6
[x984(pBR322), Tc' Ap'] were included as positive
controls. The appearance of yellow zones around the
colony patches within 60 min was considered positive
for B-lactamase activity.

Antibiotic transport assays. Cells were grown in L
broth at 35, 37, or 42°C with aeration to an absorbancy
at 530 nm of 0.8 (four doublings) and then harvested
(3,000 X g, S min) and washed twice in prewarmed S0
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mM potassium phosphate buffer (pH 6) (pH 7.2 for
[™Clpenicillin G uptake experiments) containing 1
mM MgSO, and suspended in the same buffer to an
absorbancy at 530 nm of 4.0. These cell suspensions
were kept at 35, 37, or 42°C for not more than 30 min
before being used in uptake assays or were partially
starved by incubating suspensions in assay medium for
1 to 2 h. Accumulation of [7-*H]tetracycline (0.7 Ci/
mmol; New England Nuclear Corp., Boston, Mass.),
[7-dimethyl-'“Clminocycline (12.2 mCi/mmol; gift of
Lederle Laboratories), [1-'“C]penicillin G (100 mCi/
mmol; Penicillin Assays Inc.), and (dichloroacetyl-
[1,2-'4C]chloramphenicol (gift from New England Nu-
clear Corp.) by whole cells was determined at 35, 37,
or 42°C by our membrane filtration method as de-
scribed previously (24, 27). At concentrations in ex-
cess of 10 pM, radiolabeled antibiotics were supple-
mented with unlabeled antibiotic. Exogenous 20 mM
lactate or glucose was used as the energy substrate,
and 2 mM 2,4-dinitrophenol (DNP; General Biochemi-
cals Div., Mogul Corp., Chagrin Falls, Ohio) or 25 pM
carbonyl cyanide-m-chlorophenyl hydrazone (Sigma)
was used as the energy inhibitor.

The preparation of everted membrane vesicles was
essentially as described previously (25), except that
cells were grown in minimal A medium supplemented
with 0.5% glucose and 5% L broth. Vesicles were
suspended in 10 mM Tris buffer (pH 7.2) containing
140 mM KCl, 0.5 mM dithiothreitol, and 10% (vol/vol)
glycerol and stored frozen at —70°C until needed.
Transport assays with vesicles (0.7 mg of membrane
protein per ml) were performed at 30°C in 50 mM
potassium phosphate buffer (pH 7.5) containing 10 mM
MgSO,.

Definitions. In the context of this study, ‘‘amplifica-
tion’’ defines incremental elevation of a drug resist-
ance phenotype. Low-level tetracycline or chloram-
phenicol resistance (Tc" or Cm", respectively) is
defined as resistance to 1 to 10 pg/ml; intermediate
resistance is defined as resistance to 10 to 50 pg/ml;
and high-level resistance is defined as resistance to
>50 ug/ml. Numerals indicate the level of resistance
achieved by drug selection; for example, a strain
exhibiting Tc10" is resistant to tetracycline at 10 pg/ml
in complex medium. Resistant mutants isolated by
tetracycline or chloramphenicol selection are given the
phenotypic characters Tet or Cml in accordance with
the recommendations of this journal. However, in
view of the cross-resistances expressed by these mu-
tants (see Table 3), the designations do not infer
resistance to only the selective agent.

RESULTS

Characterization of resistance phenotypes.
Spontaneous resistance to tetracycline at 5 pg/
ml was found initially in the uncB mutant DO-23
at a frequency of 10~° to 10~% (26). No single-
step mutations to Tc10" were ever observed,
even after 96 h at 37°C, from inocula of 10'°
cells. Second-step mutation to Tcl0" was
achieved in subsequent passages at a frequency
of 1077 to 1075, The ability to isolate these more
highly resistant derivatives was not related to
the uncB mutation, since the resistance re-
mained intact in an uncB* revertant. Moreover,
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we obtained first-step (tetracycline at 5 pg/ml)
and then second-step (tetracycline at 10 pg/ml)
Tet mutants from DO-23 uncB or uncB* and
from the related strains DO-21 (formerly
AN180[7]) and DO-22 uncA (formerly
AN120{7]). We then tested a number of unrelat-
ed E. coli K-12 and wild-type strains and ob-
tained similar results, indicating that, whereas
the uncB mutation may have facilitated the
isolation of Tet mutants (26), such mutants were
obtainable from all E. coli strains examined.
Many independent Tc" clones were tested for
cross-resistance to chloramphenicol. All first-
step Tet mutants were also resistant to chloram-
phenicol at 10 pg/ml.

Recognition of collateral Tc' and Cm" in these
mutants prompted us to examine the effect of
chloramphenicol selection. By repeating the se-
lection process with agar plates supplemented
with chloramphenicol (5 pg/ml), we observed an
approximately 10-fold higher spontaneous muta-
tion rate to Cm" than we had seen for Tc5" by
tetracycline selection, and single-step Cm10°
was also detected. Cross-resistance in Cml and
Tet first-step mutants was not wholly reciprocal.
Whereas all Tet mutants expressed Cm10*, only
10 to 60% of Cml mutants expressed Tc5".

To quantify the spontaneous mutation rate we
performed a Luria-Delbruck fluctuation test,
which is based upon the premise that mutation
to resistance could occur independently, and
with large variability, in any generation before
contact with the selective agent (22). Variation
was observed in 10 independent cultures of three
strains so tested, and the spontaneous mutation
rate was computed for each strain (Table 2).
There were similar mutation rates to CmS" and
Tc2.5%, but 10- to 100-fold lower mutation rates
to Tc5".

Amplification and stability of resistance pheno-
types. Single-step Tet and Cml mutants resistant
to tetracycline or chloramphenicol at 5 pg/ml
were transferred sequentially to plates contain-
ing higher concentrations of either antibiotic.
Strains could be so adapted to Tc100" or Cm100"
and higher. Stepwise amplification with chlor-
amphenicol could be achieved in larger incre-
ments (20 png/ml) than for tetracycline (10 pg/ml)
and in less time (24 to 48 h at 37°C for chloram-
phenicol, 48 to 60 h at 37°C for tetracycline). All
E. coli strains tested could be made resistant in
this way, including E. coli C600 (2), the non-K-
12 strain ML308-225, a wild-type E. coli
(SLH1699), and a polA K-12 strain that pro-
duced high-level resistant mutants.

The isogenic strain pair DW1021 and DW1030
(recA) was chosen to examine the effect of the
recA gene on (i) amplifiable resistance under
conditions of steady-state antibiotic concentra-
tion (5 ug/ml) over many generations of growth
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TABLE 2. Spontaneous mutation rates for some E. coli K-12 strains®

Spontaneous mutation rate
DO-23 DW1021 DW1030

Chloramphenicol (5) 53 x108+27x10® 13x10® +£09x10® 1.0x 10~® 0.9 x 10~8
Tetracycline (2.5) 3x1077+07x1077 3.0x10"% +3.5x10°8 1.7x107® +12x 1078
Tetracycline (5) 57x10°+£1.5%x10™° 21x1071°+21x1071° 28x 1071+ 34 x 10°1°

Culture conditions®

“ Spontaneous mutation rate represents mutations per bacterium per generation. For each strain, 10
independent cultures were grown to the stationary phase in 10 ml of L broth at 37°C, beginning with 200 cells per
ml. Samples were spread on antibiotic-containing plates and diluted for viable counting on antibiotic-free plates.
The number of resistant CFUs from the 10 cultures was averaged and normalized to the viable counts. The
spontaneous mutation rate was derived from the equation r = aN,In(N,Ca), where a is the number of mutations
per bacterium per generation, r is the average of the number of resistant bacteria in a limited number of samples,
N, is the total number of viable bacteria at time ¢, and C is the number of independent cultures (22).

® Culture was in MacConkey agar containing a drug at the indicated concentration (micrograms per milliliter).

in liquid medium, and (ii) the stability of resist- Upon growth in nonselective conditions, cells
ance upon subculture of resistant cells into drug-  lost high-level resistance to both antibiotics after
free medium. The first conclusion from this 100 generations (Fig. 1), but low-level Tc' and
experiment was the quantitative similarity of Cm" (5 to 10 wg/ml) remained even after 300
amplification and loss of amplification in the generations.

recA* and recA pair (Fig. 1). (When high-level Multiplicity of resistance phenotypes. In view
Tet and Cml mutants of DW1030 were checked  of the cross-resistance to tetracycline and chlor-
to ensure that they retained the recA mutation amphenicol, we examined the susceptibility of
through the amplification process, they were Tetand Cml mutants of DW1021 and DW1030 to
indeed still recA as determined by UV sensitiv-  eight other antibiotics. Stepwise amplification
ity). As noted earlier, growth in the presence of  with either tetracycline or chloramphenicol elic-
either antibiotic produced concomitant resist- ited the following resistance phenotypes: rifam-
ance to the other drug, and, as will be described  picin (Rf"), nalidixic acid (Na'), puromycin
below, to other antibiotics as well. Two hundred  (Pu), ampicillin (Ap"), cephalothin (Kf"), peni-
generations of growth in L broth supplemented cillin G (Pc’), and minocycline (Mc") (Table 3).
with either tetracycline or chloramphenicol at 5 Resistance to the aminoglycoside antibiotics
pg/ml elicited resistance to about 140 or 120 pg  streptomycin and kanamycin was not detected.
of chloramphenicol per ml and to 60 pg of Pc” was strikingly higher than Ap® and Kf' in
tetracycline (Fig. 1). Since only 200 generations all chloramphenicol- or tetracycline-amplified
had elapsed, the forward rate of amplification mutants; but Pc" and Ap" increased in the same
must have occurred at a much higher frequency ratioin Tet and Cml mutants, although the levels
than would be expected from a series of sponta- reached were lower in the recA derivatives. The
neous mutations. trend in Kf" was clearly different; in contrast to

TABLE 3. MICs for derivatives of DW1021 and DW1030

MICs (uM)®
Strain Culture conditions®  Chloram- Tetra- Mino- Penicillin Ampi- Cepha- Puromy- Rifam- Nalidixic
phenicol cycline cycline G cillin  lothin cin picin acid

DW1021 10 0 0 0 0 0 9% 0 1,420
AG342 Tetracycline (10) 180 50 40 320 40 60 550 20 >2,160
AG345 Tetracycline (50) 230 140 70 480 50 80 >1,100 20 >2,160
AG352 Chloramphenicol (10) 140 10 30 300 30 50 390 10 1,530
AG355 Chloramphenicol (50) 190 30 30 430 40 60 950 20 >2,160
DW1030 10 0 0 0 0 0 60 0 1,170
AG362 Tetracycline (10) 160 50 40 170 10 40 520 10 1,290
AG365 Tetracycline (50) 260 130 60 310 30 70 640 10 >2,160
AG372  Chloramphenicol (10) 140 10 30 180 10 30 490 10 1,380
AG375 Chloramphenicol (50) 250 30 40 280 20 40 540 10 1,560

¢ See footnote b of Table 2 (tetracycline at 10 pg/ml = 23 pM; chloramphenicol at 10 pg/ml = 31 uM).

b MICs were determined by the limits of confluent growth on antibiotic gradient plates (see the text). The
results were originally tabulated in micrograms per milliliter and then converted to micromolar to the nearest
multiple of 10. All strains listed in the table were completely sensitive to streptomycin and kanamycin.
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FIG. 1. Amplification of Tc* and Cm" in DW1021 (recA*) and DW1030 (recA). Cells were grown in L broth
supplemented with chloramphenicol (A and C) or tetracycline (B and D) at 5 pg/ml for 200 generations at 37°C
and then in drug-free medium (arrows) for another 100 generations. Symbols denote levels to which >80% of
survivors grew on chloramphenicol-supplemented or tetracycline-supplemented L agar.

Pc" and Ap", Tet mutants expressed more Kf*
than did Cml mutants, and all mutants were
generally two to threefold more resistant to
cephalothin than to ampicillin.

Pu" was amplified to very high levels in all
mutants, and the levels of resistance attained
were independent of tetracycline or chloram-
phenicol selection, but somewhat dependent on
recA function to achieve the higher levels of
resistance. Rf" essentially did not amplify during
the transition from low to high Tc' or Cm". It
remained at the level reached in the low-level
Tet and Cml mutants and was lower in recA than
in recA* strains. The parent strains were al-
ready nalidixic acid-resistant but the resistance
level was augmented by 10 to 80% in the ampli-
fied mutants. The possibility that existing nali-
dixic acid resistance might augment or promote
the amplification of multiple resistance pheno-
types was examined. The nalidixic acid-sensi-
tive strain GMS407 was amplified with tetracy-
cline or chloramphenicol and the resultant
mutants were screened for other resistance phe-
notypes by the gradient plate method. Pc, Pu’,
and Rf" phenotypes were amplified to levels
comparable to those of the Na" DW1021 and
DW1030 strains (data not shown). Na' reached
levels of at least 40 pg/ml.

Since plasmid-mediated Tc' is associated with
low resistance to minocycline (MIC of minocy-
cline/MIC of tetracycline < 0.1) (28), we tested
these strains for Mc". We found that the ratio of
the MIC of minocycline to the MIC of tetracy-
cline was never less than 0.4; in fact, when

chloramphenicol was the selective agent, the
ratio approached 1.0. These results indicated a
clear distinction between this resistance pheno-
type and that seen in plasmid-mediated Tc" (28).

It has been reported that autoclaved chlortet-
racycline is a gratuitous inducer of plasmid-
mediated Tc" (5). With autoclaved chlortetracy-
cline, we could not achieve induction or
amplification of Tc™ in sensitive strains, nor
could we maintain otherwise amplified Tc" or
Cm"inresistant strains. However, when DW1021
and DW1030 were grown for 200 generations in
the presence of a subinhibitory level of chlortet-
racycline (5 pg/ml after selection of first-step
mutants), the resistance levels reached in
DW1021 and DW1030 mutants were, respective-
ly, 68 and 66 pM chilortetracycline, 63 and 74
M minocycline, 55 and 51 uM tetracycline, and
257 and 245 pM chloramphenicol. These values
were not very dissimilar from those in the high-
level Tet or Cml mutants in Table 3. However,
one striking difference was the high ratio of Mc"/
Tc' (1.3) in the chlortetracycline-selected mu-
tants compared with a Mc"/Tc" ratio of 0 - S in
tetracycline-selected mutants. Indeed, chlortet-
racycline or chloramphenicol selection elaborat-
ed a higher Mc"/Tc¢" ratio than did tetracycline
selection.

Growth rates. Doubling times of low-level Tet
and Cml mutants were the same as that of the
wild-type parent in drug-free L broth at 37°C.
However, most intermediate- and high-level mu-
tants grew noticeably slower under nonselective
conditions, with doubling times up to twice that
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of the parent strain. When Tet and Cml mutants
were grown in L broth supplemented with anti-
biotics at 10% of the MICs, there was no effect
on doubling times, but at 25% of the MICs, the
mean generation time was twice as long. High-
level Tc' and Cm" were maintained by growing
cells in sublimiting drug concentrations (=10%
of the MIC).

Temperature sensitivity of resistance pheno-
types and mucoidy. Stepwise amplification of
resistance to tetracycline and chloramphenicol
on agar plates supplemented with antibiotic was
not observed at 42°C in three strains so tested
(DO-23, DW1021, and DW1030). Low-level Cml
mutants (5 to 10 pug/ml) were selected after
several days at 42°C, but resistance to chloram-
phenicol at 20 pg/ml was unattainable. A slight
smear covered plates supplemented with tetra-
cycline at 5 pg/ml, but discrete colonies were
not isolated. Furthermore, established high-lev-
el Tet and Cml mutants (previously selected at
37°C) did not grow at 42°C on the same or lower
antibiotic concentrations, but when these plates
were transferred to 37°C, colonial growth ap-
peared within 24 h.

Although there was no loss of viability of
mutants in the range 30 to 42°C, the magnitude
of Tc' or Cm" was 40 to 60% higher at 30°C than
at 37°C. This recognition of a temperature sensi-
tivity of resistance phenotypes led us to consider
the effect of temperature on the selection of
mutants. The rate of spontaneous mutation to
Tc5" or CmS™ was about 1.5 times higher at 30°C
than at 37°C, but, as at 37°C, the lower tempera-
ture did not produce single-step mutants that
expressed Tc10".

Occasional low- and high-level Tet or Cml
mutants formed mucoid colonies on rich media
at 37°C. This mucoidy was not elaborated at
42°C on drug-free rich or minimal plates, al-
though the strains grew well under these condi-
tions. Tc" or Cm" of mucoid cells was also
temperature sensitive on drug-supplemented
media.

Fusaric acid resistance. Fusaric and quinaldic
acids are lipophilic chelating compounds that
have been shown to be inhibitory to plasmid- or
transposon-mediated tetracycline-resistant cells
(5). They have been used as selective agents for
tetracycline-sensitive clones from predominant-
ly tetracycline-resistant populations (5, 23).
When 10° cells of the Tn/0O-containing strains
KO0635 (tna-7::Tnl0) (from A. Wright) and D1-
188 (Tnl0 on R222 in DO0-23) were plated on
quinaldic acid minimal plates, 1.3 X 1075 and 1.6
X 1073 of colonies were recovered for K0635
and D1-188, respectively, and >90% of these
were tetracycline sensitive. We. applied this
method to three D0-23 Tet mutants, AG101
(TcS), AG103 (Tc20"), and AG111 (Tc100).
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When we tested the effect of amplifiable Tc" on
quinaldic acid sensitivity we found that sensitiv-
ity increased with increasing Tc', thus, 78% of
AG101, 37% of AG103, and 8% of AG111 colo-
nies survived on quinaldic acid selective plates,
but these colonies were still tetracycline resist-
ant. Comparable results were achieved on fu-
saric acid-supplemented plates. The fusaric acid
sensitivity of these mutants was clearly dissimi-
lar from plasmid-mediated Tc".

Genetic basis of resistance. Representative
strains (D0-21, D0-22, D0-23, DW1030, PA309,
and AR101) were screened for plasmids after
appropriate selection and amplification, by two
methods (18, 32), but plasmid DNA bands were
not detected on 0.7% agarose gels; nor could we
observe resistance transfer in conjugal filter
matings (13). Also, assays for chloramphenicol
acetyltransferase and B-lactamase failed to de-
tect enzymatic activity characteristic of most
plasmid-determined Cm" or Pc".

Non-transducibility of resistances. With the
exception of the cmlA mutation, we were unable
to obtain low- or high-level Tet or Cml transduc-
tants even at a frequency of 10~ /PFU with P1
lysates prepared from Tet and Cml mutants.
Auxotrophic markers were routinely transduced
by these P1 lysates at frequencies of 107¢ to
10"4PFU. The non-transducibility of resis-
tances might suggest that a cooperativity be-
tween dispersed loci was involved, or that the
resistance phenotypes were refractory to direct
selection.

Antibiotic transport. Accumulation of antibi-
otics by sensitive and resistant cells was exam-
ined in the presence or absence of the un-
couplers DNP and carbonyl cyanide-m-
chlorophenyl hydrazone, which are known to
collapse the proton motive force across bacterial
membranes (35). Sensitive cells actively accu-
mulated tetracycline, whereas the resistant mu-
tants AG102 and AG122 showed a markedly
lower accumulation (Fig. 2). The reduced accu-
mulation of tetracycline by the low-level Tet
mutant AG102 disappeared above 600 uM tetra-
cycline, whereupon an active (DNP-sensitive)
uptake of the drug occurred (data not shown). In
the intermediate-level Tet mutant AG106, how-
ever, an active uptake of tetracycline did not
occur even at 800 pM tetracycline. When 2 mM
DNP (Fig. 2) or 25 pM carbonyl cyanide-m-
chlorophenyl hydrazone (data not shown) was
added, or when the endogenous energy supply
was depleted by starvation (data not shown), the
accumulation of tetracycline in the resistant
cells increased to the level found in sensitive
cells under these same energy-depleted condi-
tions. The lipophilic tetracycline analog minocy-
cline also exhibited an energy-dependent (DNP-
or carbonyl cyanide-m-chlorophenyl hydrazone-
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FIG. 2. Accumulation of 5 pM [*H]-tetracycline by
cells in assay buffer at 35°C. Symbols: AG100 (4),
AG102 (O), AG122 (@), and the three strains preincu-
bated with 2 mM DNP (A).

inhibited) reduced accumulation in Tet and Cml
mutants.

Inner membrane everted vesicles of the Tet
mutants AG102 and AG106 showed an energy-
dependent 'uptake of tetracycline at an external

Internal (Tc)uM

S
sl

104 104

Internal (Tc) pM

(c) (0)
0 1 J c 't J

[} 20 40 0 20 40
Time (min.) Time (min.)

FIG. 3. Uptake of 10 uM [*H]-tetracycline by
everted membrane vesicles in assay buffer at 30°C.
Panels: (A) AG100 vesicles, (B) D1-188 (AG100 with
plasmid R222) vesicles, (C) AG102 vesicles (low-level
Tc"), and (D) AG106 vesicles (high-level Tc"). Vesicles
were allowed to accumulate tetracycline for 20 min in
the presence (@) or absence (O) of 20 mM p-lactate; 2
mM DNP was added (arrows), and incubation was
continued. :
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concentration of 10 pM (Fig. 3C and D). More-
over, the apparent strength of this uptake was
twofold greater in the more resistant AG106
mutant. These findings demonstrated that an
efflux system, previously cryptic, was chromo-
some mediated. Under these experimental con-
ditions it compared quite favorably with plasmid
R222-mediated tetracycline uptake (Fig. 3B). In
contrast, sensitive AG100 vesicles accumulated
an amount of tetracycline consistent with equili-
bration of internal and external levels and were
unaffected by the presence of exogenous energy
(Fig. 3A). That vesicles from sensitive cells did
not actively accumulate tetracycline was an indi-
cation that the preparation largely contained
everted vesicles, since right-sided vesicles, like
intact cells, are known to accumulate tetracy-
cline actively (25, 26).

To determine whether tetracycline and chlor-
amphenicol were sharing the same efflux system
we performed competition experiments. In-
creasing chloramphenicol to 600 pM had no
effect on the reduced accumulation of 5 pM
tetracycline in resistant cells (data not shown).

Since tetracycline resistance was temperature
sensitive, we examined the effect of temperature
on the energy-dependent efflux of this antibiotic.
When AG102 cells that had been grown at 35°C
and initially assayed for tetracycline incorpo-
ration at 35°C were shifted to 42°C, a rapid
increase in accumulation of tetracycline oc-
curred; this accumulation approached that seen
in AG100 sensitive cells (Fig. 4). Significantly,
tetracycline accumulation in sensitive cells with
or without DNP did not deviate after the shift to
42°C (Fig. 4). Thus, lower resistance to tetracy-
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FIG. 4. Accumulation of 5 pM [*H] by cells in
assay buffer at 35°C then at 42°C (arrows). Symbols:
AG100 without (A) and preincubated (A) with 2 mM
DNP; AG102 without (O) and preincubated (@) with
DNP.
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cline at 42°C correlated with higher uptake at
42°C.

We also performed [1-!*C]penicillin transport
assays. Unlike the reduced accumulation of tet-
racycline seen in the Tet and Cml mutants, there
was no detectable reduction in uptake of penicil-
lin G by resistant cells. In the presence of § to 25
»M external penicillin G, sensitive and resistant
cells showed the same accumulation profiles,
and these were unaffected by the addition of
DNP (data not shown). Similar studies were
performed with [**Clchloramphenicol. Chloram-
phenicol probably enters the cell by passive
diffusion (16; unpublished results). Although re-
sistant cells showed an energy-dependent and
DNP-sensitive reduced accumulation of the
drug, assays with everted membrane vesicles
did not show an increase in uptake of [**C]chlor-
amphenicol in the presence of exogenous ener-
gy.

DISCUSSION

We have presented evidence that Tet and Cml
phenotypes from a number of plasmidless E. coli
K-12 and wild-type strains were amplifiable to
high levels. The resistance and amplification of
resistance were temperature sensitive. Although
tetracycline or chloramphenicol selection pro-
duced collateral resistance to many unrelated
antibiotics, Tc" was mediated partially or wholly
by a newly detected efflux system for this antibi-
otic. The bases of collateral resistance to the
other antibiotics have not yet been determined.

Chromosomal resistances are often expressed
from single genes, but occasional cooperativity
between loci has been demonstrated (36, 38).
Azaserine resistance in E. coli involves muta-
tions at three loci that arise spontaneously and
sequentially and promote independent or addi-
tive resistance (38). Low-level resistance to tet-
racycline, chloramphenicol, and penicillin G in
Neisseria gonorrhoeae has been linked to inter-
active chromosomal loci (36).

In the accompanying paper (14), we demon-
strate that four regions of the E. coli K-12
chromosome contribute to the resistance pheno-
types, and that a single pleiotropic locus at 34
min is required for the expression of all of the
resistances described in these mutants.

The association of chromosomally mediated
Tc' and Cm" is not unique to gram-negative
species. In a review of treatment failure (37),
Cm" and Tc" Staphylococcus epidermidis orga-
nisms were isolated after sequential therapeutic
administration of methicillin, gentamicin, and
chloramphenicol. Although some isolates were
sensitive to chloramphenicol and tetracycline,
testing in vitro resulted in the sensitive isolates
becoming resistant to the same levels of chlor-
amphenicol and tetracycline as the resistant
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isolates at frequencies of 107® and 5 x 1077,
respectively. Resistance was stable, and Tc" and
Cm" were coincident without alteration of the
sensitivity of the organism to a wide range of
other antibiotics. Our observations with E. coli
K-12 concur with this cited study in establishing
arelatively high spontaneous rate of mutation to
Cm" and a low rate of mutation to Tc' (Table 2).

Serial transfer of field isolates of Salmonella
typhimurium and E. coli in chlortetracycline
produced Mc'/Tc' ratios of nearly 2 (17). We
also found a Mc"/Tc" ratio higher than unit upon
amplification with chlortetracycline. Moreover,
in all Tet and Cml mutants the Mc"/Tc' ratio was
higher than in cells harboring plasmid-borne
tetracycline resistance determinants (28).

Spontaneous mutants of E. coli K-12 resistant
to a high level of ampicillin have been obtained
by serial transfer of cells in increasing concen-
trations of ampicillin (10). These mutants hyper-
produced B-lactamase through multiple repeti-
tion of the chromosomal ampA-ampC region. In
contrast, although tetracycline or chlorampheni-
col selection produced high-level resistance to
penicillin G, ampicillin, and cephalothin (Table
3), we did not detect B-lactamase activity. Since
there was no detectable change in penicillin G
transport, another mechanism must be involved,
such as changes in the penicillin-binding pro-
teins of the cell envelope.

Growth in subinhibitory drug concentration
favors mutation and selection in allowing the
original, susceptible strain to continue to grow at
some minimal level (20). Similarly, the opportu-
nity for cells carrying favorable mutations to
outgrow other types is conditional on continued
growth under selective conditions. Autoclaved
chlortetracycline did not select or maintain
resistance, a finding that suggested that the
structural integrity or antibacterial activity of
the drug molecule was an absolute requirement
for amplification. Although continuous tetracy-
cline or chloramphenicol selection produced
high-level resistance to both agents (Fig. 1) and
to many other classes of antibiotics, there was
no change in aminoglycoside sensitivity (Table
3). Repeated transfer of E. coli and Staphylococ-
cus aureus in subinhibitory concentrations of
gentamicin produced resistance to all aminogly-
cosides, but not to ampicillin, chloramphenicol,
or tetracycline (15). This resistance was ascribed
to an aminoglycoside-specific modification in
permeability or transport. If Tet and Cml mu-
tants had incorporated nonspecific permeability
barriers, such as changes in outer membrane
porins, one would expect that aminoglycoside
resistance would also be enhanced (12).

Transport assays with everted inner mem-
brane vesicles provided evidence for the pres-
ence of an energy-driven tetracycline efflux sys-
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tem in Tet and Cml mutants (Fig. 2, 3, and 4).
The efflux was related to the tetracycline resist-
ance phenotype in that both were temperature
sensitive. This mechanism for resistance resem-
bles that mediated by plasmids, except that it
mediates higher levels of minocycline resistance
and is not induced or maintained by autoclaved
chlortetracycline.

Since amplification to high-level Tc" and Cm"
was polA and recA independent, duplication of
mutant alleles by illegitimate recombination (1)
mediated by insertion sequences or rearrange-
ments is a possible mechanism of amplification.
In the absence of selective pressure, high-level
Tc' and Cm" was lost (Fig. 1), but even after 300
generations low-level Tc" and Cm" components
remained. Growth in the absence of drug chal-
lenge is likely to favor the loss of these muta-
tions, but if the resistance mechanism produces
little burden on its host, the reversal of all
mutations may require very long times (20).

These findings provoke speculation about the
origins of extrachromosomal resistance determi-
nants. It is not unlikely that these were derived
from primal chromosomal genes by the differen-
tiation of gene functions needed to meet the
challenge of hostile environments, particularly
in the niche of antibiotic-producing soil mi-
crobes (20). It is plausible that resistance mecha-
nisms arose through a series of mutations. This
slow evolution of host resistance mechanisms
might then have been followed by the mobiliza-
tion of resistance alleles (transposons, plas-
mids), and the original chromosomal mutations
were not completely lost, but became vestigial
or latent.
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